the keto tautomers was found to be 68.23%, 22.35%, 6.24%, 2.67% and 0.50%, respectively. This tautomeric composition was not significantly affected by varying concentrations between 0.089 and 0.36 M or acidification to pH 3. Upon equilibrating at 6 temperatures between 5 and 50°C there was a linear relationship between the change in concentration and temperature for all forms. Crown
Introduction
The exact molecular structure that carbohydrates adopt in solution is an area of research that has received considerable investigation because of their relevance to biological systems. [1] [2] [3] Nuclear magnetic resonance (NMR) spectroscopy is a valuable tool for this analysis, being used extensively in the conformational analysis of both polysaccharides and simple sugars. 1, [3] [4] [5] In the latter case there is considerable complexity created by the existence of multiple tautomeric forms of these sugars in solution. 1, [5] [6] [7] These tautomers possess small ranges of shifts, leading to congested and strongly coupled spectra, which are particularly problematic in 1 H NMR spectroscopy. 8, 9 Additionally, the combination of congested spectra with the low concentrations of some of the tautomeric forms means that for several biologically important carbohydrates the resolution of 1 H NMR spectroscopy was insufficient to detect the minor forms in previous investigations. 10, 11 Fructose as either a free sugar or in polysaccharide forms, such as inulin, is a highly valuable commercial product. As the free sugar, fructose is an example of a simple reducing sugar that has a complex 1 H NMR spectrum as a result of it existing in at least five tautomers in solution (Fig. 1) . 4, [12] [13] [14] At equilibrium in water b-D-fructopyranose (b-pyr) is the preponderant tautomer, followed by b-D-fructofuranose (b-fur), and then a-D-fructofuranose (a-fur).
These tautomers have previously been determined to account for 69.6%, 21.1% and 5.7% of the solubilised sugar at room temperature, respectively.
14 The minor tautomers of fructose are a-D-fructopyr- 
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Carbohydrate Research j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / c a r r e s anose (a-pyr) and the linear keto form of fructose. [12] [13] [14] [15] [16] The keto form of fructose has not been previously identified using 1 H NMR spectroscopy in D 2 O. 11, 15, [17] [18] [19] The a-pyranose tautomer has also been difficult to identify using 1 H NMR spectroscopy in aqueous solution, only being observed in experiments measuring the anomeric hydroxyl group conducted on samples equilibrated in water, flash frozen, and then melted into DMSO-d 6 . This relies on the slow tautomeric equilibration in DMSO-d 6 to provide data for the tautomeric composition in water. 18 Both of the minor tautomers of fructose have been detected using 13 C NMR spectroscopy. 14, 15, 17, 20 However, because of the low isotopic ratio of 13 C as compared to 12 C, these experiments are time consuming. This is particularly the case when trying to resolve components in low concentrations, and so 13 C NMR spectroscopy is not practical for determining changing aqueous tautomeric ratios, for example in the study of the mutarotation reaction. 13, 21 The speed of such 13 C NMR experiments can be increased through isotope labelling, 9, [22] [23] [24] but this increases the cost and inconvenience of the method. 13 Fortunately, NMR technology and methods have progressed and herein we report the straightforward identification and quantitation of the keto form of fructose using 1 H NMR 1D and 2D techniques and subsequently investigate the mutarotation of fructose and the effect of temperature and pH on its tautomeric composition in solution. Figure 2 , and shifts for all tautomers are listed in H NMR spectroscopy meant that an investigation of the mutarotation reaction and the influences on the tautomeric composition of fructose could be investigated with relative ease.
Results and discussion

NMR spectroscopic analysis
Mutarotation
The mutarotation of fructose from the exclusively b-pyranose conformation of the crystalline solid 4 to the equilibrium composition of tautomeric forms in solution is a complex process due to the differing rates of transformations between tautomers. The pyranose to pyranose transformation is slow, occurring between two stable chair conformations, 1, 4, 6, 7, 29 while the transformation between pyranose and furanose is rapid 4 and the furanose-to-furanose transformation is very rapid, occurring essentially instantaneously between relatively high-energy envelope and twist forms. 1, 9, 12, 22, 24 Nonetheless, the mutarotation of fructose can often be approximated as a simple first-order process, 4, 12 and it has been demonstrated that the kinetics can be represented by the conversion of b-pyranose to the furanose forms. 30 To investigate the mutarotation reaction, the change in the 1 H NMR integral for the combined peak occurring between 4.10 and 4.15 ppm was monitored for fructose freshly dissolved in D 2 O at five temperatures between 5 and 25°C. This peak is comprised of resonances attributable to b-furanose H-3 and H-4 as well as a-furanose H-3. Using the tautomeric composition determined by 1 H NMR spectroscopy (discussed further in the following section), the ratio of b-furanose to a-furanose of 4.1:1 was determined to be constant between 5 and 50°C, in close agreement to values in the literature. 12 Consequently, it was possible to use this peak to establish the concentration of furanose forms relative to the total concentration of fructose. The relative concentration of the furanose forms over the course of the mutarotation was plotted and found to rise exponentially, confirming the validity of using first-order kinetics. KaleidaGraph scientific graphing software was used to provide exponential curve fits and to determine the rate constant for each temperature. An Arrhenius plot (Fig. 3) was then prepared from which the activation energy for the mutarotation of fructose was determined as 62.6 kJ mol À1 from the slope of the equation to the straight line
Previous determinations of the activation energy for fructose mutarotation in aqueous solutions are surprisingly rare. Grønlund and Andersen 31 determined the activation energy in acetate buffer (pH 4) to be 72.0 kJ mol À1 using polarimetry. However, this research was conducted before all tautomeric forms of fructose had been identified and assumed that mutarotation was occurring between a single pyranose form and a single furanose form. Also, the investigation of the mutarotation of fructose by polarimetry, even when all tautomers are considered, relies on only one defined specific rotation for the b-pyranose. The specific rotation for the other tautomers is indirectly estimated with high uncertainty. 4 Flood et al. 30 determined the activation energy of the mutarotation of fructose in aqueous ethanol solutions to be 53.0 ± 5 kJ mol À1 using GLC. These authors claim that the activation energy of mutarotation is unaffected by solvent composition, but did not obtain their own data for the kinetics of the mutarotation in pure water. Their activation energy calculations were based on two points of data obtained from two different sources.
Tautomeric composition
The investigation of the concentrations of tautomeric components in equilibrium for dissolved fructose have been conducted previously using several techniques including 13 C NMR spectroscopy, 14 Previously 1 H NMR spectroscopy has been considered inadequate to determine tautomeric composition of fructose due to the overlapping nature of the peaks and the lack of a separated anomeric proton resonance, such being useful in the anomer concentration determination for glucose. 10, 15, 32, 33, 39 Despite this, Jaseja et al. 25 determined percentage concentrations of the three most abundant tautomers (b-pyranose 75%, b-furanose 21% and a-furanose 4%) of D-fructose in reasonable agreement to the rest of the literature. With the identification of the shifts for the a-pyranose and keto forms, specifically those for keto H-1 and keto H-3 separated from the overlapping peaks, determination of the concentrations D-fructose in equilibrium is easier and more accurate using 1 H NMR spectroscopy.
To determine the tautomeric ratios, fructose was equilibrated in D 2 O at six temperatures from 5 to 50°C for at least 48 h. 1 H NMR spectroscopy was then conducted at the corresponding temperature for each sample. Subsequent analysis used either H-1 or H-1 0 for quantification of the concentration of the keto tautomer (the HDO resonance is mobile with temperature, 7 interfering with one side of the keto peaks at 35 and 50°C and totally obscuring them at 42.5°C, thus explaining why this temperature was not evaluated), and subsequent peak integrals for other tautomers were normalised using this value. The region of the spectrum between 3.93 and 3.97 ppm is a combination of resonances for keto H-4 and a-pyranose H-4. The value for the quantified keto form was subtracted from the integral for this combination of resonances to provide the relative concentration of a-pyranose. In turn the relative concentration for a-pyranose was subtracted from an integral covering the region from 3.88 to 3.92 ppm to provide a relative concentration for bpyranose. Then the relative concentration for b-pyranose was subtracted from an integral covering the region from 3.54 to 3.6 ppm to provide the relative concentration of the b-furanose tautomer.
Finally, depending on the temperature, a-furanose has an isolated shift for H-5 at 4.06 ppm from which its relative concentration was derived. This shift, however, is mobile with temperature and at low temperature it impinges on the peak for b-pyranose H-6. In this case the region between 3.99 and 4.09 ppm was integrated, and the relative concentration for b-pyranose was subtracted twice (to account for H-6 and H-5) and a-pyranose once (H-3), resulting in the calculated relative concentration for a-furanose. Figure 4 shows a plot of the relative concentrations of each tautomer expressed as a percentage of total fructose for temperatures from 5 to 50°C. There was a linear relationship between the change in percentage concentration and temperature for all forms, matching previous studies. 12, 18, 24 The changes in percentage concentration of each tautomer also match the general results of the literature, with the percentage concentration of b-pyranose reduced with increasing temperature, while all other tautomers increased in concentration. 4, 5, 12, 14, 17, 18, [20] [21] [22] 24, 25, 32 More specifically, these results are a close match to those previously published using 13 C NMR spectroscopy in which at least four of the five tautomers were quantified (see Table 2 ). 14, 20, 40 The results are also in reasonable agreement with an experiment using GLC to measure tautomeric composition in buffer solution (pH 4.4), 12 though the GLC measurements for the a-pyranose and keto forms are lower, and the one for b-pyranose is higher compared to the 1 H NMR results.
The experimental procedure for these GLC measurements utilised relatively short equilibration times (e.g., 4 h at 15°C). 12 The equilibration times are sufficient based on the kinetics of the b-pyranose to furanose conversion, for which a half-life at 15°C is 1159 s based on our kinetic data [t 1/2 = ln(2)/k]. The equilibration time was less convincing, however, for the b-pyranose to a-pyranose conversion, which is the slowest and has a half-life of 2793 s based on our results. However, given that the mutarotation occurs more rapidly in water than in D 2 O, 21 our results obtained in D 2 O may not be applicable. At this point it is constructive to also compare our results for the concentration of the keto tautomers to other results that did not necessarily quantify all of the tautomers of D-fructose in solution. Table 3 shows that generally measurements are reasonably consistent, when temperature is taken into account. Amongst the largest variances include the low measurements using GLC reported by Cockman et al., 12 discussed previously. Also, the UV-vis measurement of Avigad et al. 37 appears too high for this temperature, and indeed subsequent research suggested that some data may have been in error. 38 The FTIR measurements of Yaylayan et al. 13 are an anomaly; at 25°C the concentrations of the keto form are consistent with other results, but they are much higher at 80°C. The authors explain this discrepancy by comparing the linear relationship between relative concentration and temperature found for 13 C NMR studies between 20 and 50°C 14 and the quadratic relationship they found using FTIR from 25 to 80°C. 21 However, at 80°C their result (13.1%) is much higher than that found using 13 C NMR spectroscopy (3%) 15 and even at 50°C their measurement (4.9%) is elevated compared to the consistent results produced by 13 C NMR spectroscopy 14 and our current 1 H NMR experiments (1.3%).
Effect of fructose concentration and pH on the tautomeric equilibrium
Mutarotation and tautomeric equilibrium experiments previously have often been conducted at a range of different conditions in terms of the concentration of fructose (0.2-4 M) 12, 17, 18, 20 and the pH (2-9). 12,13,31 These factors have been identified as influential to the tautomeric equilibrium, 4,13,24 though the effect is known to be low compared to temperature and relatively extreme conditions required to observe the effect. 12, 13, 32 To verify that our results can reasonably be compared to the previous literature, tautomeric equilibrium experiments were conducted in which these parameters were varied. Fructose concentrations between 0.5 and 1.5 M have often been used for experiments investigating tautomeric equilibrium, 12, 17, 20 higher concentrations frequently benefiting the method of determination. In contrast, quantification using 1 H NMR spectroscopy can suffer broadening of resonances using high concentrations, and consequently concentrations of 0.089, 0.18 and 0.36 M were investigated in our research. Tautomeric ratios were determined from 5 to 50°C for each of these concentrations, and there was no significant difference between results. Similarly, Hyvönen et al. 32 found the difference in tautomeric composition for solutions containing 20-80% fructose was not measurable. However, it cannot be ruled out that high concentrations of fructose can affect mutarotation and tautomeric equilibrium. Indeed, the tautomeric ratios determined for fructose at a concentration of 4 M, while being roughly correlated to our results, do have different rates of change in tautomer concentration (illustrated by different slopes for plots of tautomeric composition at equilibrium for different temperatures). 18 The effect of pH on the mutarotation of fructose was evaluated by determining tautomeric ratios from 20 to 50°C in a D 2 O solution adjusted to pH 3 with acetic acid. Again, no significant difference was found in the tautomeric ratios with or without the acid, which is in agreement with previous 13 C NMR studies for mildly acidic pH. 14 
Conclusions
Previously unidentified shifts in the 1 
Mutarotation
Mutarotation experiments were conducted using 
NMR spectroscopy
NMR spectra were recorded on a Bruker Avance III 600 operating at 600 MHz for 1 H. 1D and 2D spectra were collected using standard gradient-based pulse programs. The 1D 1 H NMR data were obtained over 64 scans with a 30°flip angle (90°pulse = 8.4 ls), an acquisition time of 2.7 s, a relaxation delay of 2 s and 65 k data points. The temperature for all experiments was held constant using an in-built heater and was calibrated using ethylene glycol. All experiments were conducted in D 2 O at concentrations of 0.089, 0.18 and 0.36 M with chemical shifts reported in parts per million (ppm) downfield from 3-(trimethylsilyl)propionic acid sodium salt (TPS). Calibration of fructose shifts to TPS was achieved in separate experiments using an acetic acid internal standard. 41 Subsequently, experiments were conducted without acetic acid where it was undesirable due to potential influence on mutarotation.
22 
FTIR
FTIR spectroscopy was conducted with a Thermo Electron Corporation Nicolet Nexus 870 spectrophotometer using the transmission Smart Collector attachment and data generated was manipulated using OMNIC Ó software. Experiments were conducted on fructose samples dissolved in D 2 O (1 M) in a liquid cell with barium fluoride windows and a path length of 0.025 mm.
